Dendritic cells (DCs) are key regulators of adaptive immunity by selectively promoting or suppressing T-cell responses. 1 One of the suppressive mechanisms involves the expression of the enzyme indoleamine 2,3-dioxygenase (IDO) by DCs. 2 IDO degrades the essential amino acid tryptophan into kynurenine, which leads to tryptophan depletion resulting in suppression of T-cell proliferation 3-5 or induction of apoptosis in activated T cells both in vitro and in vivo, 6 and, consequently, the induction of tolerance. 7, 8 IDO can be induced in DCs by a variety of stimuli, including ligation of CD40 or CD80/CD86 by, respectively, CD40L 3,9,10 or CTLA-4 11,12 on activated T cells, as well as soluble factors such as IFN-␥ and IL-1 (reviewed in Mellor and Munn 2 ). Some other factors, such as LPS, require additional signals such as IFN-␥ to effectively induce IDO in DCs. 3, 13 Remarkably, the conditions resulting in the expression of anti-inflammatory IDO also result in the expression of proinflammatory cytokines.
Introduction
Dendritic cells (DCs) are key regulators of adaptive immunity by selectively promoting or suppressing T-cell responses. 1 One of the suppressive mechanisms involves the expression of the enzyme indoleamine 2,3-dioxygenase (IDO) by DCs. 2 IDO degrades the essential amino acid tryptophan into kynurenine, which leads to tryptophan depletion resulting in suppression of T-cell proliferation [3] [4] [5] or induction of apoptosis in activated T cells both in vitro and in vivo, 6 and, consequently, the induction of tolerance. 7, 8 IDO can be induced in DCs by a variety of stimuli, including ligation of CD40 or CD80/CD86 by, respectively, CD40L 3,9,10 or CTLA-4 11, 12 on activated T cells, as well as soluble factors such as IFN-␥ and IL-1 (reviewed in Mellor and Munn 2 ). Some other factors, such as LPS, require additional signals such as IFN-␥ to effectively induce IDO in DCs. 3, 13 Remarkably, the conditions resulting in the expression of anti-inflammatory IDO also result in the expression of proinflammatory cytokines.
NF-B transcription factors are essential for the expression of proinflammatory cytokines in DCs 14 and have been implicated in IDO induction. 15 NF-B can be activated via 2 distinct signal transduction pathways. The canonical (also known as classical) NF-B pathway requires activation of the IKK complex, consisting of the catalytic subunits IKK␣ and IKK␤, and the regulatory subunit NEMO/IKK␥, and controls NF-B activation in response to proinflammatory stimuli such as LPS, TNF␣, and CD40L. [16] [17] [18] [19] Activation of this pathway results predominantly in the activation, nuclear translocation, and DNA binding of the classical NF-B dimer p50-RelA. In this pathway, IKK␤ is essential for NF-B activation, whereas IKK␣ is dispensable for the activation and induction of NF-B DNA-binding activity in most cell types. [19] [20] [21] In contrast, the noncanonical (also known as alternative) pathway is strictly dependent on IKK␣ homodimers and requires neither IKK␤ nor NEMO/IKK␥. 22, 23 The target for IKK␣ homodimers is NF-B2/p100, which upon activation of IKK␣ by NF-B-inducing kinase (NIK) is incompletely degraded into p52, resulting in the release and nuclear translocation of mainly p52-RelB dimers. This pathway can be triggered by the activation of members of the TNF-receptor superfamily such as the lymphotoxin ␤ receptor, B-cell activating factor belonging to the TNF family (BAFF) receptor, and CD40 (which also induce canonical NF-B signaling), but not via pattern recognition receptors such as Toll-like receptor 4 (TLR4), the receptor for LPS. 24 It has been suggested that the canonical and noncanonical NF-B pathways play distinct roles in immunity (reviewed in Bonizzi and Karin 25 ). Recent literature proposes a role for the noncanonical pathway in the regulation of immune responses, as IKK␣ is implicated in the negative regulation of inflammation 26, 27 and NIK has a role in the development of regulatory T cells (Tregs). 28 In addition, it has been demonstrated that IKK␣ has an important function in thymic organogenesis for the establishment of central tolerance in cooperation with NIK. 29 However, the precise mechanisms involved have not been fully elucidated yet.
Tregs are known to induce IDO in DCs, 12 and IDO is involved in tolerance induction (reviewed in Mellor and Munn 2 ). Interestingly, Fallarino et al recently demonstrated in a mouse model that IDO-expressing DCs induce a regulatory phenotype in naive T cells through tryptophan starvation and tryptophan catabolites. 30 Therefore, we investigated whether the induction of IDO and the induction of proinflammatory cytokines require different NF-B activation pathways by selectively blocking the canonical pathway using the NEMO-binding domain (NBD) peptide, a recently developed inhibitor of the classical IKK complex that prevents the association of IKK␤ with IKK␥, 31 and the noncanonical pathway using small interference RNA (siRNA) for NIK and/or IKK␣. We demonstrate that the noncanonical NF-B pathway is essential for the induction of regulatory functions in human DCs, including IDO expression and the control of proinflammatory cytokine production.
Materials and methods

Abs, cytokines, and reagents
Human IL-4 (20 ϫ 10 8 U/mg) was obtained from Pharma Biotechnology (Hanover, Germany). Human rGM-CSF (specific activity, 1.11 ϫ 10 7 U/mg) was a gift of Schering-Plough (Uden, the Netherlands). Human IL-3 (10 ng/mL) was obtained from Strathmann Biotech (Hanover, Germany). Mouse mAbs to human CD28 (CLB-CD28/1) and human CD3 (CLB-T3/4E-1XE) were obtained from Central Laboratory of The Netherlands Red Cross Blood Transfusion Center (Amsterdam, the Netherlands). Mouse mAbs to phosphorylated IB␣ (phospho-IB␣) and total IB␣, and polyclonal rabbit anti-␤-actin were obtained from Cell Signaling Technology (Beverly, MA). Polyclonal rabbit antihuman RelB, anti-p65, and anti-IKK␣ were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse mAb to human IDO was a kind gift of Dr O. Takikawa (Hokkaido University, Sapporo, Japan). Approval was obtained from the AMC/ University of Amsterdam Institutional Review Board for these studies.
In vitro generation and maturation of DCs from monocytes or direct isolation of BDCA1 ؉ and BDCA4 ؉ cells from peripheral blood
Monocyte-derived DCs were obtained as described previously. 32 On day 6, maturation of immature DCs was induced by the addition of LPS (100 ng/mL; Sigma Adrich, Zwijndrecht, the Netherlands) or CD40 ligand (CD40L)-expressing mouse plasmacytoma cells (irradiated J558 cells, 1:1 ratio with DCs; a kind gift from Dr P. Lane, University of Birmingham, Birmingham, United Kingdom) in the presence or absence of 1-methyl-DL-tryptophan (MT; 50 g/mL). After 48 hours, full maturation into CD1a ϩ CD83 ϩ mature effector DCs was confirmed by flow cytometric analysis. BDCA1 ϩ and BDCA4 ϩ cells were isolated from peripheral blood using specific isolation kits from Miltenyi Biotec (Bergisch Gladbach, Germany). BDCA1 ϩ and BDCA4 ϩ cells were cultured in the presence of GM-CSF and IL-3, respectively.
NBD peptides and NBD-mediated NF-B inhibition
NEMO-binding domain (NBD) peptides were synthesized as described previously 31 and subsequently dissolved in DMSO to stocks of 50 mM. The sequences of the wild-type and mutant (MUT) NBD peptides have been described previously. 31 To study the effect of IKK␤ inhibition, immature DCs were incubated for 2 hours with the NBD peptide or controls (MUT/medium) prior to induction of maturation or stimulation by LPS/ CD40L. NBD/MUT peptides were used at a concentration of 50 M, unless indicated otherwise. All subsequent tests were performed after harvesting and extensive washing of the cells to remove all factors as described previously. 33 
Western blotting
After the indicated times of incubation and stimulation, cells were washed twice with ice-cold PBS to remove all serum proteins and then lysed in 1 ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. Western blotting was performed as described previously. 33 Densitometry was performed using Quantity One software (Bio-Rad, Hercules, CA).
IDO activity
IDO activity was determined according to Feng and Taylor. 34 In brief, cells were harvested, lyophilized, resuspended in PBS, and cleared from insoluble material by centrifugation. The supernatant was incubated with L-tryptophan in a reaction buffer for 30 minutes at 37°C, after which the reaction was terminated with TCA. The resulting N-formylkynurenine, was hydrolyzed to kynurenine at 50°C for 30 minutes, followed by the addition of an equal volume of Ehrlich reagent (Sigma Aldrich). The product was read at 490 nm in a microplate reader (Titertek multiskan MCC/340; Titertek, Huntsville, AL). OD values above background (PBS only) were used to calculate fold induction. The basal level of expression in untreated cells was set at 1.0. IDO activities were corrected for protein content (Bio-Rad protein assay; Bio-Rad). In addition, high-performance liquid chromatography (HPLC) analysis was performed to determine tryptophan and kynurenine levels in the supernatants of cultured cells, as described previously. 35 Results were expressed as kynurenine-tryptophan ratio.
Immunofluorescence staining of RelB and confocal microscopy analysis NBD-or MUT-pretreated (50 M) DCs were stimulated for 4 hours with LPS or CD40L, washed 3 times, and then centrifuged onto glass slides (Superfrost) at a density of 500 cells per slide. Subsequently, cells were air-dried and fixed in cold acetone for 10 minutes. The slides were then washed extensively with PBS, and stained for RelB expression using an anti-RelB primary Ab (Santa Cruz Biotechnology) as described previously. 33 RelB expression was visualized using a Leica TCS SP (Leica Microsystems, Heidelberg, Germany) confocal system, equipped with an Ar/Kr/HeNe laser combination. Images were taken using a 40ϫ/1.25 NA objective.
siRNA experiments
To date, no specific pharmacological inhibitors for IKK␣ exist to selectively block the noncanonical pathway of NF-B activation. 36 Therefore, we used siRNA to target this pathway. Immature DCs were seeded into 24-well plates (1.5 ϫ 10 5 cells; 400 L) in serum-free IMDM. Lipofectamine 2000 (Invitrogen, Breda, the Netherlands) was prediluted 4:100 in serum-free IMDM (40 L), and stock concentrations of siRNA for NIK (siNIK), IKK␣ (siIKK␣), or control scrambled, nonblocking RNA (siC) (50 nmol/mL; Ambion, Cambridge, United Kingdom) were prediluted 3:100 in serumfree IMDM (40 L) for 5 minutes. Subsequently, Lipofectamine 2000 and siRNA predilutions were mixed and incubated for 30 minutes at room temperature (RT). Next, this mix was slowly added to the DCs (80 L/ well) and incubated for 4 hours at 37°C. After that, 120 L IMDM containing 50% FCS was added, and DCs were either left unstimulated (200 L IMDM 10% FCS) or stimulated with CD40L (irradiated J558 cells, 1:1 ratio with DCs; 200 L IMDM 10% FCS) for the indicated times. To evaluate transfection efficiency, FAM-labeled control RNA was used instead of siRNA. After 24 hours, transfected DCs were analyzed by flow cytometry for FAM content. The siRNA sequences used to target human mRNA sequences were as follows: siNIK, 5Ј-GCUCCGUCUACAAGCUUGAtt-3Ј (sense) and siIKK␣, 5Ј-GGCCUGUGAUGUUCCUGAAtt-3Ј (sense).
Cytokine production by DCs
DCs (2 ϫ 10 4 cells/well) were stimulated with CD40 ligand (CD40L)-expressing mouse plasmacytoma cells (J558 cells, 2 ϫ 10 4 cells/well; a kind gift from Dr P. Lane, University of Birmingham, Birmingham, United Kingdom), in 96-well flat-bottom culture plates (Corning Life Sciences, Schiphol-Rijk, the Netherlands) in IMDM containing 10% FCS in a final volume of 200 L. Supernatants were harvested after 24 hours and stored at Ϫ20°C until the levels of IL-12p70 or IL-6 were measured by specific solid-phase sandwich enzyme-linked immunosorbent assay (ELISA) as described previously. 37 
Mixed lymphocyte reactions
Highly purified CD4 ϩ CD45RA ϩ CD45RO Ϫ naive Th cells (Ͼ 98% as assessed by flow cytometry) were isolated from peripheral blood mononuclear cells (PBMCs) using a CD4 ϩ T-cell isolation kit from Miltenyi Biotec, followed by depletion of CD4 ϩ CD45RO ϩ T cells using PE-labeled anti-CD45RO (Dako, Glostrup, Denmark) and anti-PE-beads (Miltenyi Biotec). Naive Th cells (2.5 ϫ 10 4 cells per 200 L) were cocultured in 96-well flat-bottomed culture plates with different concentrations of mature DCs. After 5 days, cell proliferation was assessed by the incorporation of [ 3 H]thymidine (Radiochemical Center, Amersham, Little Chalfont, United Kingdom) after a pulse with 13 kBq per well during the last 16 hours, as measured by liquid scintillation counting. In other experiments, 5 ϫ 10 4 anti-CD3 (1 g/mL) and anti-CD28 (0.5 g/mL) preactivated total CD4 ϩ T cells were cocultured with 1 ϫ 10 4 effector DCs in the presence or absence of 1-methyl-DL-tryptophan (MT; 50 g/mL) for 24 hours to evaluate IDO-mediated T-cell apoptosis. Apoptosis was assessed by annexin V and propidium iodine (PI) staining using the annexin V-FITC apoptosis detection kit (BD Biosciences, San Jose, CA) as described by the manufacturer. Staining of the cells was evaluated by FACScan (Becton Dickinson, Lincoln Park, NJ). To investigate the effects of IDO on T-cell proliferation, 5 ϫ 10 4 anti-CD3/anti-CD28 preactivated CD4 ϩ T cells were cocultured with 1 ϫ 10 4 DCs in the presence or absence of 1-methyl-DLtryptophan (MT; 50 g/mL) for 3 days and proliferation was assessed by the incorporation of [ 3 H]thymidine as described above.
Suppressor assay
On day 12, resting T cells were harvested and washed 3 times with serum-free medium. Cells (1 ϫ 10 6 ) were stained with 1.0 M CellTrace Far Red DDAO-SE (Molecular Probes, Eugene, OR), a fluorescent dye (FL4), for 15 minutes at room temperature according to the manufacturer's instructions. After thorough washing, 2.5 ϫ 10 4 DDAO-SE-labeled CD4 ϩ T cells (DC-primed T cells) were stimulated by anti-CD3 (1 g/mL) and anti-CD28 (0.5 g/mL) in round-bottom 96-well plates. After overnight preactivation, 2.5 ϫ 10 4 peripheral CD4 ϩ T cells were added, representing the responder T cells. Prior to this, the responder T cells were labeled with CFSE (0.5 M; Molecular Probes), a green cell cycle tracking dye (FL1), for 15 minutes at room temperature. After 5 days, the content of DDAO-SE and CFSE in the DC-primed and responder T cells, respectively, was analyzed by flow cytometry, and the proliferation index or precursor frequency was determined with Modfit (BD Pharmingen, San Diego, CA) as described earlier. 38 
Statistical analysis
Data were analyzed for statistical significance (GraphPad, InStat, version 2.02; GraphPad Software, San Diego, CA) using ANOVA or Student t test. A P value less than .05 was taken as the level of significance.
Results
CD40 ligation on DCs results in high levels of IDO
It has previously been shown that CD40 ligation, which activates both the canonical and the noncanonical NF-B pathway, strongly increases IDO expression in human DCs and macrophages, 3, 9, 10, 39 although there is some controversy on this issue. 2, 40 To confirm the ability of human DCs to express IDO upon CD40 ligation, human monocyte-derived DCs were stimulated either with CD40L or with LPS, which mainly activates the canonical NF-B pathway. 24 After 2 days, DCs were lysed and IDO protein levels in the cytoplasmic extracts determined by Western blotting. In these experiments, CD40L stimulation resulted in marked IDO expression in DCs, in contrast to stimulation with LPS, which did not induce IDO ( Figure  1A ). LPS priming of DCs, followed by CD40L stimulation, resulted in IDO expression comparable with CD40 ligation alone, showing that LPS does not irreversibly impair IDO induction by CD40L (data not shown). Furthermore, equally high IDO levels were detected in DCs stimulated with soluble CD40L trimers, CD40L-expressing activated CD4 ϩ T cells, or CD40L-transfected J558 cells ( Figure 1B ), whereas mock-transfected J558 cells did not induce IDO. J558-CD40L cells were used for CD40 ligation in the remainder of the experiments. The CD40L-induced IDO protein was enzymatically active as shown by its ability to degrade the essential amino acid tryptophan into kynurenine ( Figure 1C ) and HPLC analysis of kynurenine and tryptophan levels in culture supernatants ( Figure 1D ). IDO activity could be blocked by the addition of the competitive inhibitor 1-methyl-tryptophan (MT) (P Ͻ .05). Next, we performed coculture experiments to show that CD40L-stimulated IDO-expressing DCs induced more apoptosis in activated T cells compared with LPS-stimulated DCs (P Ͻ .05), which could be abolished by addition of MT to the culture ( Figure  1E ). Furthermore, blocking of IDO activity by MT in cocultures of CD40L-stimulated DCs and preactivated CD4 ϩ T cells resulted in increased T-cell proliferation ( Figure 1F ). In addition, CD40L stimulation also increased IDO expression in human BDCA1 ϩ myeloid DCs and BDCA4 ϩ plasmacytoid DCs, freshly isolated from peripheral blood ( Figure 1G ), underlining that CD40L induces IDO expression in naturally occurring DCs as well. Altogether, these findings stress that CD40L induces high levels of IDO in human DCs, which is enzymatically active and downregulates effector T-cell responses.
NBD peptide selectively blocks canonical CD40L-induced NF-B activation
CD40L activates both the canonical and noncanonical pathways of NF-B activation, while LPS activates only the canonical pathway in DCs. RelA is the transactivating subunit of the classical NF-B heterodimer p50-RelA that is principally activated via the canonical pathway and is involved in many inflammatory processes, whereas RelB is the most prominent NF-B subunit activated by the noncanonical pathway. 25 The NBD peptide is a highly selective inhibitor of the canonical NF-B pathway. 31 We have previously demonstrated that the NBD peptide blocks LPS-induced activation of the canonical NF-B pathway in human DCs. 33 To investigate to what extent the NBD peptide blocks the canonical arm of CD40L-induced NF-B activation, the phosphorylation status of IB␣ in cytoplasmic extracts from DCs was determined by Western blotting. CD40 ligation induced IB␣ phosphorylation in DCs, which was reduced after NBD pretreatment of DCs resulting in a decreased phosphorylated (phospho)IB␣/IB␣ ratio (P Ͻ .05). As expected, the mutant control peptide (MUT) did not reduce IB␣ phosphorylation (Figure 2A ). This finding demonstrates that the NBD peptide selectively inhibits the canonical arm of NF-B signaling in DCs, by inhibition of IB␣ phosphorylation.
RelB is predominantly activated via the noncanonical pathway, but can also be activated to some extent via the canonical pathway. 24 Therefore, we further characterized the effects of the NBD peptide on cellular RelB localization in CD40L-and LPSstimulated DCs. Using confocal microscopy, we showed that nuclear translocation of RelB is far more pronounced following CD40 ligation than after LPS stimulation ( Figure 2B ). The low rate of LPS-induced RelB translocation was completely abrogated by NBD pretreatment, whereas CD40L-induced translocation was only marginally decreased. These results further substantiate that the NBD peptide effectively blocks the canonical pathway, while leaving noncanonical NF-B signaling intact.
Essential requirement of the noncanonical NF-B pathway for regulatory mechanisms in DCs, including induction of IDO
To first investigate the contribution of the canonical NF-B pathway to CD40L-induced IDO expression, we tested the effects of NBD treatment on IDO protein levels in DCs. We have previously demonstrated that the NBD peptide blocks LPSinduced functional maturation of DCs and the production of proinflammatory cytokines. 33 Canonical NF-B blockade in CD40L-stimulated DCs showed comparable reduction in the expression of HLA-DR and costimulatory molecules and the production of IL-12, which are all key to T-cell immunity ( Figure S1A ,B, available on the Blood website; see the Supplemental Materials link at the top of the online article). In contrast, canonical NF-B blockade in CD40L-or LPS-stimulated DCs (CD40L-NBD DCs and LPS-NBD DCs, respectively) did not affect IDO protein levels, either positively or negatively ( Figure  3A ). In addition, the activity of CD40L-induced IDO was not changed ( Figure 3B ). Taken together, these findings rule out an important role for the canonical NF-B pathway in the induction of IDO following CD40L stimulation in DCs. 
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To investigate the contribution of the noncanonical NF-B pathway to CD40L-induced IDO expression, we tested the requirement of different signaling intermediates of this pathway. Therefore, we used siRNA technology to specifically knock down the noncanonical pathway-associated kinases NIK and IKK␣, and studied the consequences for IDO expression at the protein level. This technique always yielded transfection efficiencies of more than 95% ( Figure S2A Figure 4A lanes 2-3) , demonstrating that IDO expression in DCs requires activation of the noncanonical NF-B pathway. No effects were observed of siRNA-mediated knockdown of the noncanonical NF-B pathway in J558-mock stimulated DCs ( Figure S2B) .
Simultaneously, knockdown of IKK␣ or NIK resulted in strongly increased proinflammatory IL-12p70 (*P Ͻ .001) and IL-6 (*P Ͻ .001) production in DCs, which could be completely blocked by inhibition of the canonical pathway by the NBD peptide. Addition of MT to the culture had no effect on cytokine production. (Figure 4B,C) . IL-10 production in CD40L-stimulated DCs was just above background level and was not affected by inhibition of canonical and/or noncanonical NF-B signaling (data not shown). These findings reveal a more general role for noncanonical NF-B signaling in the negative regulation of inflammation, via down-regulation of proinflammatory cytokine production in DCs.
Subsequently, we tested the functional consequences of reduced IDO expression in CD40L-stimulated DCs on the proliferative response of recently activated effector T cells. siRNA-mediated knockdown of the noncanonical pathway resulted in significantly increased effector T-cell proliferation (P Ͻ .05) ( Figure 4D ). Blockade of IDO activity through addition of MT to the culture also resulted in a significant increase in effector T-cell proliferation (P Ͻ .05). Addition of MT did not further increase the effector T-cell proliferation that was observed after knockdown of IKK␣ or NIK in DCs. These results demonstrate that, while the canonical NF-B pathway in DCs mediates T-cell immunity, the noncanonical NF-B pathway plays a crucial role in the negative regulation of recently activated effector T-cell responses via the induction of IDO in DCs and downregulation of proinflammatory cytokine production in DCs.
Role of the canonical and noncanonical NF-B pathways in the initiation and regulation of immunity
Having demonstrated the regulatory effects of IDO and the noncanonical NF-B pathway in DCs on proinflammatory cytokine production and recently activated effector T-cell proliferation, we next set out to elucidate the consequences of CD40L-induced canonical and noncanonical NF-B activation in DCs for the ability of these DCs to initiate adaptive immunity. Therefore, we investigated to what extent NBD or siIKK␣ treatment of CD40L-stimulated DCs affects the capacity of DCs to activate naive T cells. First, we examined the potential of these DCs to induce proliferation in naive T cells in a mixed lymphocyte reaction (MLR). Blockade of the canonical pathway by NBD peptide pretreatment significantly reduced naive T-cell proliferation in this model ( Figure 5A ). This finding may be explained by the inhibitory effects of the NBD peptide on the expression of HLA-DR and costimulatory molecules, as well as reduced levels of the T-cell stimulatory cytokine IL-12p70 in NBD-treated DCs ( Figure S1A,B) . However, selective knockdown of IKK␣ in DCs did not affect For personal use only. on April 21, 2017 . by guest www.bloodjournal.org From naive T-cell proliferation positively or negatively, either in NBD-treated DCs or in control DCs ( Figure 5B ). In addition, NBD-treated DCs did not increase apoptosis of naive CD4 ϩ T cells and no effect of IKK␣ knockdown in DCs on naive T-cell apoptosis was observed ( Figure 5C ). Also, no effect of MT addition to the culture was observed (data not shown). In summary, canonical NF-B inhibition in CD40L-stimulated DCs results in the generation of immunomodulatory DCs that lead to hypoproliferative naive CD4 T cells. These experiments demonstrate an important role for the canonical NF-B pathway in DCs in the 
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initiation of T-cell responses, whereas the noncanonical NF-B pathway, which regulates effector responses, neither initiates nor regulates this process.
The noncanonical NF-B pathway in DCs promotes the development of T cells with regulatory properties
Regulatory T cells (Tregs) are closely linked to the induction of IDO in DCs, for instance through ligation of CTLA-4, 11, 12 and, vice versa, IDO-expressing DCs have been demonstrated to give rise to Tregs in the murine system. 30 Tregs have many different faces, but a general feature is their low, intrinsic proliferative capacity (reviewed in Fehervari and Sakaguchi 41 and von Boehmer 42 ). The low proliferative capacity of the T cells induced by CD40L-NBD DCs (CD40L-NBD T cells; Figure  5A ), in combination with the massive IDO expression in the instructing DCs, could thereforepoint to the development of T cells with a suppressive effect on bystander T cells. Therefore, CD40L-NBD T cells were tested for their possible regulatory activity in a suppressor assay using 2 cell cycle tracking dyes as described previously. 38 
Discussion
In the current study, we demonstrate that the noncanonical NF-B pathway is essential for IDO expression, and controls the production of proinflammatory cytokines induced by the canonical NF-B pathway in CD40L-activated DCs. We propose that the noncanonical NF-B pathway, induced by CD40L expressed on T cells, controls T-cell activation in vivo. The regulation of adaptive immunity by the noncanonical NF-B pathway is substantiated by the finding that CD40L-induced IDO is enzymatically active and mediates apoptosis of recently activated effector T cells. In addition, noncanonical NF-B signaling, in combination with inhibition of the canonical pathway in DCs, promotes the development of T cells with suppressive function from naive CD4 ϩ T-cell precursors.
Activation of canonical NF-B signaling is well controlled by the induction of IB␣ transcription following NF-B DNA binding, which attenuates the activation of this important proinflammatory pathway. To date, immune regulation by products of the noncanonical NF-B pathway is largely unknown, except for recent studies in macrophages that suggest a role for IKK␣ in the negative regulation of inflammation via either control of IKK␤ activity 27 or accelerating the turnover of proinflammatory RelA and c-Rel-containing dimers and their removal from proinflammatory gene promoters. 26 We found that selective knockdown of the noncanonical pathway using siRNA for IKK␣ or NIK in DCs also resulted in increased proinflammatory cytokine production, suggesting a similar negative regulation also takes place in DCs. Our present data also indicate that IKK␣-mediated IDO expression could provide an additional mechanism of immune regulation, as IDO not only prevents further activation of DCs via tryptophan catabolism, 11 but also regulates adaptive immunity induced by these DCs by controlling the size and the activity of the induced effector T-cell population and the generation of Tregs. 30 Based on these findings, we propose that noncanonical NF-B signaling in DCs is important in the negative regulation of inflammation and immunity, to some extent by IDO-expressing cells.
Functional IDO expression following CD40 ligation has been described previously, 3,9,10 although a recent report demonstrates that CTLA-4-Ig is unable to induce tryptophan catabolism in previously CD40L-primed DCs. 43 This difference could be explained by different experimental conditions, such as longer maturation time in our experiments (48 hours vs 24 hours) and different sensitivity of the assays used. In addition, the indicated report did not evaluate IDO expression by CD40 ligation alone, without CTLA-4-Ig stimulation. 43 Conversely, we did not study the effects of B7 engagement on CD40L-induced IDO expression, but investigated the contribution of canonical and noncanonical NF-B signaling to this process in DCs. Interestingly, we found that CD40L stimulation in combination with specific inhibition of canonical, IKK complex-mediated NF-B activation resulted in the generation of a regulatory DC phenotype. These cells were characterized by low expression of MHC class II, costimulatory molecules (eg, CD86), and cytokines (eg, IL-12p70) but unaltered expression of IDO. These DCs had a poor capacity to induce proliferation in naive T cells, which was not caused by IDO expression (data not shown) and may very well be the result of poor MHC class II and CD86 expression due to IKK␤ inhibition, 44 but promoted the development of T cells with suppressive function, which was entirely dependent on noncanonical NF-B signaling. Of interest, addition of MT to neutralize IDO activity in DCs did not block the induction of suppressive T cells. This may in part be explained by the fact that MT has been demonstrated to also have other effects on DCs that do not correlate with inhibition of IDO activity, such as activation of MAPK. 45 Based on these findings, we propose that noncanonical NF-B signaling in DCs negative regulates immunity through the induction of Tregs.
Various Treg categories have been described, such as naturally occurring CD4 ϩ CD25 ϩ T cells or extrathymically induced Tr1 and Th3 cells (reviewed in Fehervari and Sakaguchi 41 and von Boehmer 42 ). The CD40L-NBD T cells do not seem to have clear characteristics of known Treg categories. They hardly produce IL-10, and addition of neutralizing antibodies against IL-10 and/or TGF-␤ did not inhibit their suppressive function. Furthermore, CD40L-NBD T cells nonsignificantly differentially express the Treg marker FoxP3 and the surface markers GITR, Lag3, and CTLA-4 (Table S1 ), which may indicate an overall suppressive character of these cells. Interestingly, CD40L-NBD T cells produce significantly less IFN-␥ and more IL-4 ( Figure S4 ), a cytokine that has been associated with maintenance and even enhancement of regulatory T-cell function. [46] [47] [48] [49] Furthermore, induced Tregs have often reported to be IL-4 positive. [50] [51] [52] [53] [54] This finding is in line with earlier observations that IDO is able to induce apoptosis selectively in Th1 cells, but not in Th2 cells. 6 In short, the NBD-CD40L DC-derived T cells are induced via a noncanonical NF-Bdependent mechanism, but the exact phenotype of these cells and their mechanism of suppression require further investigations. Nevertheless, these induced T cells with suppressive function promise to have great potential for cellular immunotherapy using DCs.
In the current study, we demonstrate that the regulatory properties of the noncanonical NF-B pathway in DCs are optimal when canonical NF-B activity is suppressed. We propose that the balance between the expression of inflammatory and T-cell stimulatory molecules on the one hand, and tolerogenic molecules such as IDO on the other hand, is of key importance for the capacity of DCs to induce or suppress immunity. All known activators of the noncanonical NF-B pathway simultaneously activate the canonical pathway (reviewed in Hayden and Ghosh 24 ), but whether these factors also induce IDO remains to be investigated. However, the IKK␣-mediated accelerated turnover of proinflammatory canonical NF-B dimers will certainly add to the control of immune responses. 26 We propose that selective inhibition of canonical NF-B signaling will tip the balance and results in a relative increase in mechanisms associated with noncanonical NF-B signaling, such as IDO expression after CD40 ligation. Another possible explanation for the enhanced effects of IDO in NBDtreated DCs may be the fact that IL-6 has been demonstrated to negatively regulate IDO expression through the induction of SOCS3, thereby preventing tryptophan catabolism. 55 Canonical NF-B blockade results in reduced IL-6 production in DCs, which will therefore result in increased IDO activity. Therefore, antigen presented by IKK␤-inhibited DCs under inflammatory conditions in the abundant presence of CD40L-expressing T cells may lead to tolerance induction and the development of Tregs. This can be exploited in a number of therapeutic settings, for example in treatment of autoimmune diseases such as rheumatoid arthritis, inflammatory bowel disease, and multiple sclerosis, as well as in allergy or transplant rejection. Specific inhibition of the canonical pathway-associated kinase IKK␤, while leaving the noncanonical pathway intact, would potentiate regulatory mechanisms. Indeed, IKK␤ inhibition in DCs has been demonstrated to result in immunoregulation both in vitro 48, 56 and in vivo. 57 Here, we suggest that the induction of such Tregs occurs via noncanonical NF-B BLOOD, 1 SEPTEMBER 2007 ⅐ VOLUME 110, NUMBER 5 For personal use only. on April 21, 2017 . by guest www.bloodjournal.org From signaling in DCs. Conversely, when swift immune activation is required, for example in severe infections, IKK␣ inhibitors may be applied to boost the innate immune response via both IDO inhibition and the recently discovered prevention of RelA and c-Rel turnover 26 or delayed restoration of IB␣, 27 resulting in protracted NF-B activation.
In conclusion, we demonstrate an essential requirement of the noncanonical NF-B pathway for regulatory functions in DCs, including effective IDO induction and negative regulation of proinflammatory cytokine production. Selective canonical NF-B inhibition results in DCs that induce T cells with suppressive function via a noncanonical pathway-dependent mechanism. This discovery presents a novel mechanism of action via which IKK␤ inhibitors may exert their beneficial effects and has important implications for the use of anti-inflammatory drugs that selectively inhibit the canonical NF-B pathway and therefore would be beneficial for immunotherapy of transplantation, and autoimmune and allergic diseases.
